Augmented marked graphs possess a special structure for modelling distributed systems with shared resources. Not only inheriting the desirable properties of augmented marked graphs such as on liveness and reversibility, proper augmented marked graphs also exhibit other desirable properties, including boundedness and conservativeness. However, proper augmented marked graphs have a rather complicated definition that inevitably undermines the usability in system modelling. In this paper, based on composition of live and bounded marked graphs, new characterizations for proper augmented marked graphs are devised. Through these characterizations, proper augmented marked graphs can be effectively used in modelling and analyzing conflicting processes of a distributed system. Applications to distributed transaction processing with shared resources are discussed.
Introduction
A subclass of Petri nets, augmented marked graph was first introduced by Chu and Xie for modelling systems with shared resources [1] . In the literature, thorough investigation on augmented marked graphs was mainly conducted by Cheung [2] [3] [4] [5] [6] . Having a special structure for representing shared resources, augmented marked graphs possess desirable properties pertaining to liveness and reversibility. According to Chu and Xie, an augmented marked graph is live and reversible if and only if every minimal siphon would never become empty [1] . More siphon-based and cycle-based characterizations were devised by Cheung, where a cycle-inclusion property was used for characterizing the liveness and reversibility [2, 3] . Transformation-based characterizations for bounded and conservative augmented marked graphs were introduced [4, 6] . There are also studies on the composition of augmented marked graphs and its applications to system integration [7] [8] [9] [10] [11] .
Proper augmented marked graphs are a special type of augmented marked graphs, found by Cheung [6, 12] . Not only inheriting all the properties of augmented marked graphs, proper augmented marked graphs also possess more properties, including boundedness and conservativeness. However, like augmented marked graphs, proper augmented marked graphs have a rather complicated definition, thus adding difficulties in system modelling and analysis. This dilemma can be resolved by some characterizations of proper augmented marked graphs. In this paper, based on the composition of live and bounded marked graphs, a number of characterizations are proposed. With these characterizations, the processes or components of a system can be readily modelled as marked graphs, and then composed via their common resource places. The integrated PT-net so obtained is a proper augmented marked graph which represents the integrated whole of the processes or components.
In a distributed system, it is often that two or more concurrent processes compete for some shared resources. Owing to the existence of these conflicting processes, erroneous situations such as deadlock and capacity overflow may occur. In this paper, it is proposed to model the conflicting processes as marked graphs, and then, to compose them as a proper augmented graph which represents the integrated whole of the processes for analysis.
The rest of this paper is structured as follows. Section 2 states the definitions and properties of proper augmented marked graphs. New characterizations are proposed in Section 3. Section 4 then shows the modelling and analysis of conflicting processes using proper augmented marked graphs and their properties and characterizations. Section 5 describes the application to the analysis of distributed transaction processing systems with common shared resources, and illustrates with examples. Section 6 briefly concludes this paper. It is noted that readers are assumed to have basic knowledge on Petri nets [13] [14] [15] .
Proper augmented marked graphs and their properties
Proper augmented marked graphs are a special type of augmented marked graphs [6, 12] . The definitions and known properties are summarized below. [6, 12] . (Note : A R-siphon is a minimal siphon which contains at least one place in R.) Property 2. A proper augmented marked graph is bounded and conservative [6, 12] . Figure 1 
Characterizations for proper augmented marked graphs
Based on the composition of live and bounded marked graphs, in the following, a number of new characterizations for proper augmented marked graphs are proposed. 
). There are two possible cases for g. In case g contains any place in
In case g does not contain any place in Q 1 ∪ Q 2 ∪ … ∪ Q n , g also exists in (N, M 0 ; R). According to Cheung, every cycle in an augmented marked graph is marked [1, 2, 6] . Hence, g is also marked. Then, for (N', M 0 '), every place belongs to a cycle and every cycle is marked, thus fulfilling the conditions of live and bounded marked graphs. (N', M 0 ') is structurally a live and bounded marked graph or a composite of a set of live and bounded marked graphs. 
Proposition 3. A proper augmented marked graph is bounded and conservative.
Proof. According to Proposition 2, a proper augmen- 
Proposition 4. The integrated PT-net obtained by composing a set of live and bounded marked graphs via their common places is a proper augmented marked

Modelling and analysis of conflicting processes
This section discusses how proper augmented marked graphs can be effectively used in the modelling and analysis of conflicting processes.
Typically in a distributed system, a number of concurrent processes compete for some shared resources. Erroneous situations occur when two or more processes are each waiting for the other to finish and neither ever does. The processes will continue to wait endlessly, resulting into deadlocks. There are also erroneous situations where resources exceed their capacity limits, thus causing capacity overflow. These processes are called conflicting processes.
In system integration, especially for distributed systems with concurrent processes competing for shared resources, one difficult challenge is to identify any erroneous situations such as deadlock and capacity overflow. This can be approached by using proper augmented marked graphs and their properties and characterizations. Consider a set of conflicting processes, competing for shared resources R = { r 1 , r 2 , ..., r k }. Steps for modelling and analysis are outlined below.
Step Figure 1 .
Application to distributed transaction processing
In a distributed transaction processing system, there involves many concurrent processes which compete for some shared resources such as common data objects. Whenever a process needs to access a common data object, it would attempt to lock the data object for exclusive usages, either read or update. The data object is unlocked after completion of the read or update transactions. While the data object is being locked, accesses from other processes are prohibited. These processes have to wait until the data object is unlocked. Deadlocks may occur, where two or more processes are each waiting for the other to finish the read or update operations of common data objects, and thus neither ever does.
It is always important in system design to identify any possible deadlock situations. In system terminology, liveness is the property where deadlock situ-ations would never occur. Hence, it is one of the design objectives to verify if a system is live, that is, free from deadlock situations. Proper augmented marked graphs can be effectively applied to solve this problem by following the steps described in Section 4.
Example 1.
Consider a typical distributed transaction processing system which involves a number of concurrent processes, accessing some common data objects. Among other processes, there are 3 concurrent processes each needs to access 2 common data objects ( It is also shown that, even though the processes are individually live and reversible, the integrated whole may not be live nor reversible. However, in some cases, the integrated whole can be live and reversible, as illustrated in the following example. Figure 9 Modelling the revised process 1 as a marked graph (N 1 ', M 10 ') Figure 10 Modelling the revised process 2 as a marked graph (N 2 ', M 20 ' 
Conclusions
Augmented marked graphs and proper augmented marked graphs possess a special structure as well as many desirable properties pertaining to liveness, boundedness, reversibility and conservativeness. They are useful for modelling and analyzing distributed systems with shared resources.
Based on composition of live and bounded marked graphs, new characterizations for proper augmented marked graphs are proposed. Conflicting processes of a distributed system can be first modelled as live and bounded marked graphs, and then composed via common resource places to form a proper augmented marked graph which represents the integrated whole.
As proper augmented marked graphs are bounded and conservative, it is assured that capacity overflow would never occur. By checking R-siphons, liveness and reversibility can be effectively analyzed.
As compared to other well-known subclasses of Petri nets such as state machines, marked graphs, free choice nets and asymmetric choice nets, augmented marked graphs or proper augmented marked graphs are not widely used in system modelling and analysis despite possessing many desirable properties pertaining to liveness, boundedness, conservativeness and reversibility. This is because of their complicated definition which is rather difficult to comprehend, thus undermining the usability. There is also a lack of simple but formal methodology for modelling, integrating or analyzing conflicting processes or components using augmented marked graphs or proper augmented marked graphs.
The problems can be resolved by characterizing proper augmented marked graphs by the composition of live and bounded marked graphs. With the characterizations, conflicting processes of a distributed system can be readily modelled, composed and analyzed. This paper provides a theoretical foundation of these characterizations, and shows the modelling and analysis using typical examples of distributed transaction processing.
